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Abstract. Currently, dual-energy X-ray phase contrast imaging is usually conducted with an X-ray Talbot-Lau 
interferometer. However, in this system, the two adopted energy spectra have to be chosen carefully in order to 
match well with the phase grating. For example, the accelerating voltages of the X-ray tube are supposed to be 
respectively set as 40 kV and 70 kV, with other energy spectra being practically unusable for dual energy imaging. 
This system thus has low flexibility and maneuverability in practical applications. In this work, dual energy X-
ray phase-contrast imaging is performed in a grating-based non-interferometric imaging system rather than in a 
Talbot-Lau interferometer. The advantage of this system is that, theoretically speaking, any two separated energy 
spectra can be utilized to perform dual energy X-ray phase-contrast imaging. The preliminary experimental results 
show that dual-energy X-ray phase contrast imaging is successfully performed when the accelerating voltages of 
the X-ray tube are successively set as 40 kV and 50 kV. Our work increases the flexibility and maneuverability 
when employing dual-energy X-ray phase-contrast imaging in medical diagnoses and nondestructive tests. 
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1 Introduction 
Compared with conventional dual-energy X-ray attenuation contrast imaging,1-4 dual-energy 
X-ray phase-contrast imaging has great advantages when identifying, discriminating and 
quantifying materials in weakly absorbing samples.5-7 
Until now, in contrast to other techniques of performing X-ray phase-contrast imaging, the 
X-ray Talbot-Lau interferometer has shown great potential in medical diagnoses and 
nondestructive tests because it demonstrates that phase-contrast X-ray imaging can be 
successfully performed with a conventional, low-brilliance X-ray source.8-13 However, 
generally speaking, for an X-ray Talbot-Lau interferometer, because the phase shift and the 
Talbot distance of the phase grating are directly related to the wavelength of the X-ray, the 
accelerating voltage of the X-ray tube is chosen such that the mean energy of the energy 
spectrum emitted from the X-ray source matches the designed energy of the phase grating.8, 14 
For example, when the designed energy of an X-ray Talbot-Lau interferometer is 27 keV, the 
tube voltage of the X-ray source should be set in the range of approximately 35-45 kV, meaning 
the system does not work efficiently when the X-ray tube is operated at a tube voltage of 60 
kV.14 Therefore, conducting dual-energy imaging with an X-ray Talbot-Lau interferometer is 
not straightforward.6 Note that the high energy and the low energy chosen in the dual-energy 
imaging should be sufficiently different in order to obtain considerably different signals, for 
example, 40 kV and 70 kV.6 In 2007, Popescu Heismann et al. introduced a dual-energy X-ray 
phase-contrast imaging system, which consisted of two X-ray Talbot-Lau interferometers: one 
interferometer was used to obtain the image of the sample at a high photon energy, while the 
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other one worked in the low photon energy range.15 In 2010, Kottler Revol et al. successfully 
conducted dual-energy X-ray phase-contrast imaging with a single X-ray Talbot-Lau 
interferometer.6 Two tube voltages (40 kV and 70 kV) of the X-ray tube were carefully chosen 
to respectively produce phase shifts of / 2  and / 4  when the X-ray penetrated through 
the phase grating, and a Talbot self-image of the phase grating appeared coincidently in both 
cases in the plane of the analyzer grating. The phase signal of the sample could thus be retrieved 
by analyzing the moiré fringe. It is quite clear that in the aforementioned two configurations 
for dual-energy X-ray phase contrast imaging, the available energy spectra (corresponding to 
the X-ray tube voltage) is almost fixed, and the other energy spectra are essentially unusable. 
However, when dealing with a sample possessing different characteristics, it is important to 
choose different energy spectra for the dual-energy imaging.16 Therefore, performing dual-
energy X-ray phase-contrast imaging with an X-ray Talbot-Lau interferometer is not flexible. 
In this work, dual-energy X-ray phase-contrast imaging is performed in a grating-based 
non-interferometric imaging system (its theory has been reported before17), rather than in an 
X-ray Talbot-Lau interferometer. The advantage of this configuration is that, theoretically 
speaking, any two separated energy spectra can be utilized to perform the dual-energy imaging. 
The preliminary experimental results will be demonstrated when the accelerating voltages of 
the X-ray tube are set as 40 kV and 50 kV. 
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2 Measurement theory of dual-energy X-ray phase-contrast imaging using a grating-
based non-interferometric imaging system 
 
Fig. 1 Layout of the grating-based non-interferometric X-ray phase contrast imaging system. 1: X-ray tube, 2: 
source grating, 3: middle grating, 4: sample, 5: analyzer grating, 6: X-ray detector. 
The theory of performing X-ray phase-contrast imaging with a grating-based non-
interferometric imaging system has been reported before;17 herein, we will emphasize on 
introducing its differences with an X-ray Talbot-Lau interferometer and explaining how to 
utilize it in order to realize flexible dual-energy imaging. 
Fig. 1 is the layout of the grating-based non-interferometric X-ray phase contrast imaging 
system. It mainly consists of an X-ray tube, a source grating, a middle grating, an analyzer 
grating and an X-ray detector. Its layout is almost the same as that of an X-ray Talbot-Lau 
interferometer;9 the difference is that in an X-ray Talbot-Lau interferometer, the middle grating 
is usually a phase grating, its period is typically on the micron scale, and when it is illuminated 
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by an X-ray beam produced by the X-ray source and the source grating, the lateral coherent 
length of the X-ray is larger than the period of the middle grating, so a self-image of the middle 
grating appears in the plane of the analyzer grating via the Talbot effect,18 while in a grating-
based non-interferometric imaging system, the middle grating is an absorption grating and its 
period is usually on the scale of tens of microns.17 When it is illuminated by the X-ray beam 
after penetrating through the source grating, the lateral coherent length of the X-ray is smaller 
than the period of the middle grating, so its image is produced in the plane of the analyzer 
grating via direct geometric projection. When conducting X-ray phase contrast imaging with 
an X-ray Talbot-Lau interferometer, because the Talbot distance of the phase grating is directly 
related to the photon energy of the X-ray, the accelerating voltage of the X-ray tube is therefore 
often chosen such that the mean energy of the energy spectrum matches the Talbot distance 
(the distance between the middle grating and the analyzer grating) of the phase grating.8 In 
contrast, in a grating-based non-interferometric imaging system, because the self-image of the 
middle grating is formed via a direct geometric projection, the distance between the middle 
grating and the analyzer grating is not related to the photon energy of the X-ray.17 Theoretically 
speaking, any two separated energy spectra can be utilized to perform X-ray phase-contrast 
imaging. Therefore, compared with an X-ray Talbot-Lau interferometer, it is very clear that 
flexible dual-energy X-ray phase-contrast imaging can be performed in a grating-based non-
interferometric imaging system. 
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3 Experimental setup 
 
Fig. 2 Photograph of the grating-based non-interferometric X-ray phase-contrast imaging system. 
The dual-energy X-ray phase-contrast imaging was performed at the National Synchrotron 
Radiation Laboratory of the University of Science and Technology of China.19 Fig. 2 is a 
photograph of the imaging setup. It mainly consists of an X-ray tube, an X-ray flat panel 
detector and three microstructured gratings, which are built on multidimensional optical stages. 
The X-ray tube is a cone beam source with a round focal spot (1.0 mm in diameter) on a 
tungsten target anode. Its operating voltage ranges from 7.5 kV to 160 kV, and the X-ray tube 
is cooled using a centrifugal chiller. The source grating, with a period of 100 μm and a duty 
circle of 0.5, is positioned approximately 10 mm behind the emission point of the X-ray source. 
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The middle grating, with a period of 50 μm and a duty circle of 0.5, is placed 270 mm behind 
the source grating along the light path. The period of the analyzer grating is 100 μm and its 
duty circle is 0.5, and it is positioned in contact with the flat-panel detector, where the distance 
between the middle grating and the analyzer grating is 270 mm. The X-ray flat panel detector 
has an effective receiving area of 20.48×20.48 cm2 and its pixel size is 0.2×0.2 mm2. The 
system is automatically controlled by a custom software.20 
The samples were polymethylmethacrylate (PMMA) and polyformaldehyde (POM) 
cylinders, both of which had two external dimensions (diameters of 0.5 cm and 1 cm). After 
fine alignment of the three gratings, the X-ray tube was operated with a tube current of 22.5 
mA. The data was collected by the popular phase stepping method,8, 21, 22 in which 100 steps 
were adopted. For each step, 30 raw images were captured to reduce the statistical noise, and 
the exposure time of each image was 2 seconds. The phase stepping scan was repeated twice, 
before and after inserting the sample into the beam path. The first measurement was performed 
when the accelerating voltage of X-ray tube was 50 kV, and the second one was performed at 
a tube voltage of 40 kV. 
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4 Preliminary experimental result and quantitative analysis 
 
Fig. 3 Preliminary experimental results of the dual-energy X-ray phase-contrast imaging. (A) is the absorption 
image and (B) is the phase contrast image, which are obtained when the X-ray tube is operated at an 
accelerating voltage of 50 kV. (C) and (D) are the corresponding images at a tube voltage of 40 kV. From left to 
right, the sample materials are PMMA, POM, PMMA and POM. 
Fig. 3 demonstrates the preliminary experimental results of the dual-energy X-ray phase-
contrast imaging, Fig. 3(A) is the absorption image and Fig. 3(B) is the phase-contrast image, 
which are retrieved by the raw phase stepping data obtained when the X-ray tube is operated 
at an accelerating voltage of 50 kV. Fig. 3(C) and Fig. 3(D) are the corresponding images at 
the accelerating voltage of 40 kV. From left to right, the sample materials are PMMA, POM, 
PMMA and POM. 
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Fig. 4 Cross-section profiles of the absorption and the refraction images when the tube voltage is 40 kV. (A) 
Absorption of the PMMA cylinder, (B) absorption of the POM, (C) refraction of the PMMA cylinder, and (D) 
refraction of the POM cylinder. The black curves are the experimental data, and the red curves are the fitted 
data. 
 
Fig. 5 Cross-section profiles of the absorption and the refraction images when the tube voltage is 50 kV. (A) 
Absorption of the PMMA cylinder, (B) absorption of the POM, (C) refraction of the PMMA cylinder, and (D) 
refraction of the POM cylinder. The black curves are the experimental data, and the red curves are the fitted 
data. 
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The quantitative analyses of the dual energy experimental results are shown in Fig. 4 and 
Fig. 5. Here, a PMMA cylinder and a POM cylinder 1 cm in diameter were used for the analysis, 
see the left and right cylinders in Fig. 3(A). Fig. 4 shows the cross-section profiles of the 
absorption and the refraction images when the tube voltage of the X-ray source is 40 kV. Fig. 
4(A, B, C, and D) represent the absorption of the PMMA cylinder and the POM cylinder, and 
the refraction of the PMMA cylinder and the POM cylinder, respectively. Fig. 5 shows the 
corresponding cross-section profiles when the tube voltage of the X-ray source is 50 kV, where 
the black curves are the experimental data, and the red curves are the fitted data. 
The equation we adopted to fit the cross-section profiles in Fig. 4(A), Fig. 4(B), Fig. 5(A) 
and Fig. 5(B) is 
 2 2
0
4ln( ) 2 .I R x
I


                              (1) 
In Fig. 4(C), Fig. 4(D), Fig. 5(C) and Fig. 5(D), the fitting equation is 
 
2 2
2 .x
R x
                                    (2) 
In equations (1) and (2),14, 23 I  and 0I  are the photon intensities of the X-ray beam with 
and without the sample, respectively,   is the mean wavelength of the energy spectrum (here 
27 keV and 30 keV are regarded conventionally as the mean energy of the energy spectrum 
when the accelerating voltages of the X-ray tube are 40 kV and 50 kV, respectively), R  is the 
radius of the cylinder,   is the measured refractive angle,   is the real part and   is the 
imaginary part of the material’s refractive index, and x  is the variable. 
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Through mathematical fitting,   and   of the PMMA and POM can be calculated, 
which are listed in Table 1. We can see that preliminary dual-energy X-ray phase contrast 
imaging is successfully performed when the accelerating voltages of the X-ray tube are 
successively set as 40 kV and 50 kV. 
Table 1  and  of the PMMA and POM at the two tube voltages. 
Material Voltage of the X-ray tube Refractive index 
PMMA 
40 kV δ=5.40×10-7, β=1.02×10-10 
50 kV δ=3.14×10-7, β=0.87×10-10 
POM 
40 kV δ=5.70×10-7, β=1.25×10-10 
50 kV δ=3.50×10-7, β=1.05×10-10 
5 Discussion 
The aforementioned experimental results and quantitative analysis successfully show that 
flexible dual-energy X-ray phase-contrast imaging could be efficiently performed with a 
grating-based non-interferometric imaging system. Here we also want to point out that, when 
developing dual energy X-ray phase contract imaging machines in clinical diagnosis or 
industrial applications, compared with the currently popular X-ray Talbot-Lau interferometer, 
the adoption of non-interferometric imaging framework has the following other potential 
features apart from the flexibility of choosing the dual energy. 
(a) The large area (around 40 × 40 cm2 is often needed for human body detection) and high 
absorption thickness (about 400 μm is typically required to produce sufficient absorption of the 
high energy X-ray photons, for example 80 keV, note that lower energy photons usually cannot 
penetrate the human body and other large samples24) grating would be easier to fabricate, 
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because the depth-width ratio of the absorption grating is much smaller when the absorption 
thickness is the same, note that manufacturing high depth-width ratio X-ray absorption grating 
is really not easy;25 this feature means that developing dual energy X-ray phase contrast facility 
in clinical applications and in industrial non-destructive test would be more achievable. 
(b) Considering that the dual energy X-ray phase contrast imaging system is developed 
based on gratings with periods of tens of microns, rather than periods of several microns in an 
X-ray Talbot-Lau interferometer, the system’s requirement on the hardware structure (such as 
mechanical deformation, manufacturing error, assembly error, mechanical vibration and 
thermal expansion.) would be remarkably reduced, it should be noted that environmental 
factors usually cause uncontrollable shaking of the moire fringe in an X-ray Talbot-Lau 
interferometer. 
(c) The distance among the three gratings can be flexibly adjusted, on the condition that a 
simple geometrical relationship is guaranteed, note that in an X-ray Talbot-Lau interferometer, 
for a giving phase grating, the relative positions of the main components in the system is almost 
fixed. 
(d) The measurement range of the refractive angle is much larger, this means phase 
wrapping is easier to avoid when computing the sample’s refractive angle. Equation (3) is often 
used to retrieve the refractive angle based on phase stepping in grating based X-ray phase 
contrast imaging.14 
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                   (3) 
In equation (3), ( , )x y  is the refractive angle in the pixel position of ( , )x y , d  is the 
period of the analyzer grating, l  is the distance between the sample and the analyzer grating, 
N  is the number of steps during the phase stepping scan in one period of the analyzer grating, 
( , )skI x y  and ( , )
b
kI x y  are the intensity of the pixel  , yx  at the thk  step of the scan with 
and without sample, respectively. arg  means computing the argument of a complex number, 
and its value range is ( , ]  , and it can be derived that the measurement range of the 
refractive angle is ( , ]
2 2
d d
l l
 
  . If the desired refractive angle goes beyond this range, for 
example, 2
3
d
l

 , phase wrapping would occur and complex algorithm is needed to obtain the 
real refractive angle; 26 thus we can say that the measurement range of the refractive angle is 
much larger because of the larger grating period, when compared with that in an X-ray Talbot-
Lau interferometer. 
Finally, we want to point out that, when choosing the high tube voltage for the dual-energy 
imaging in our experiment, 70 kV or 80 kV was not used, the reason is that the Au height of 
our absorption gratings is only 50 μm, the visibility of the moiré fringe would be unacceptable 
for retrieving the refractive image when our absorption gratings work in such high X-ray tube 
voltages, because the absorption of the Au grating would be lower when increasing the photon 
energy. Note that in our experiments, the visibility of the moiré fringe was 16% and 6% when 
the X-ray tube was operated respectively at 40 kV and 50 kV (this fact can also explain why 
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the deviations between the experiment value and the fitted one in Fig. 5(C) and Fig. 5(D) are 
greater than those in Fig. 4(C) and Fig. 4(D), because higher fringe visibility usually means 
lower noise in the obtained phase image.27, 28), and if a tube voltage of 70 kV or 80 kV is applied, 
a lower visibility would be generated. 
6 Conclusion 
In conclusion, dual-energy X-ray phase-contrast imaging was performed with a grating-based 
non-interferometric imaging system. The advantage of this configuration is that, theoretically 
speaking, any two separated energy spectra can be utilized to perform dual-energy imaging. 
Our work increases the flexibility and maneuverability when employing dual-energy X-ray 
phase-contrast imaging in medical diagnoses and nondestructive tests. 
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